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We experimentally investigated the packing of wet monodisperse spheres with controlled falling height. The
packing fraction are found to decrease with smaller grain size and free fall height. A model describing the effects
of interparticle force and falling height on packing fraction is developed by introducing a dimensionless length
scale, representing the extent of particle rearrangement towards a denser state due to impacts of falling grains.
A universal law is observed for both wet particles where capillary forces dominate and dry powders where van
der Waals forces govern the packing behaviour. This study deepens the understanding of packing of cohesive
spheres and provide a simple experimental method for generating granularmediawith tailored packing fraction.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The random packing of granular materials has been subjected to ex-
tensive studies due to its various industrial applications and importance
for the understanding of many fundamental physical problems [1–6].
The packing fraction of monodisperse cohesionless frictional particles
ranges from ~0.55 (random very loose packing) to ~0.64 (random
close packing), depending on the packing method and particle friction
coefficient [7–16]. For frictionless particles, O'Hern et al. showed
narrowed jamming threshold as the system size increases, approaching
0.648 in 3D, close to random close packing [14,15].Moreover, studies on
the effects of tapping on system of monodisperse spheres attribute the
increase of packing fraction to thepropagation of ordered packing struc-
ture from the boundary [17–19]. On the other hand, the packing fraction
is found to decrease with smaller effective gravity or greater friction co-
efficient [7,12,16]. Further, Farrell et al. experimentally demonstrated
how Stokes number controls the approach to the loose packing limit
by varying the particle and fluid properties [10]. In the context of statis-
tical mechanics, Ciamarra and Coniglio showed that the granular en-
tropy, which reflects the number of mechanically stable states of
volume fraction of a granular assembly, vanishes at upper and lower
bound of packing fractions, while reaching a maximum at random
loose packing [11]. Their work provided the first-principle definition
of the commonly observed random loose packing fraction.
The University of Sydney, NSW
For spheres with diameter typically less than 100 μm, the van der
Waals force becomes significant. The attractive interparticle force starts
to influence the packing fraction, which have been observed both nu-
merically and experimentally [20–27]. Through imposing a controlled
external magnetic field on iron spheres, Forsyth et al. demonstrated
lower packing fraction with greater interparticle forces [28], and they
concluded that the void fraction of spherical particles depends only on
the ratio of interparticle cohesive force to particle weight. Their claim
was further confirmed by DEM simulations of settling of fine particles
[24,26,29]. In fact, thevanderWaals forceexplains the formationof frag-
ile low density configurations such as quicksand [23,25], and packing
fraction as low as 15% has been experimentally created using ballistic
deposition [22].

For larger particles, the effect of van derWaals force on packing frac-
tion becomes negligible. However, the addition of liquid strengthens the
cohesive force due to formation of liquid bridges [5,6,30–32]. Feng and
Yu observed an increase in porosity of mono-sized glass beads when
grains are addedwithwater, followed by a plateau regimewhere poros-
ity is insensitive to liquid content. Finally, the porosity decreases when
more water is added. Similar behaviours have been observed in
bidisperse and polydisperse systems [34–36]. The origin of these three
distinct regimes can be readily understood by the relationship between
liquid content and capillary force in granular media. At very low liquid
content (asperity or roughness regime [37]), the capillary force in-
creases with liquid volume due to surface roughness. However, further
increase in liquid content does not result in additional increase in inter-
particle force because the increase in liquid-solid contact area balances
with decrease in Laplace pressure [30,32,37,38]. This has been experi-
mentally confirmed by measurements of the capillary force due to
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liquid bridge at grain scale and the tensile strength of wet granular pile
at macroscopic scale [5,39]. Finally, menisci coalesce before the slurry
state where liquid is in excess and no capillary effects exist [33,40,41].

The aforementioned studies of packing of wet cohesive spheres
mostly focus on the effects of grain size, interparticle forces, and solid/
liquid properties. Less attention has been paid in packing methods,
given that most experiments were carried out by pouring grains into
the container [27,28,33,42,43]. To systematically probe the influence
of packing method on the packing state of granular materials, in this
work, a simple experimental method for preparing granular media
with desired packing fraction is presented. We investigate the effect of
falling height hfall on packing fraction of wet monodisperse spherical
glass beadswith different grain sizes. A previously proposed relation de-
scribing the packing fraction [20,21,24] is extended by introducing a di-
mensionless length scale, representing the degree of compaction due to
gravity, where the effects of falling height can be captured.

2. Experiments

Glass beads with a density of 2460 kg/m3 [44] were mixed with
water at an initial volumetric water content w0 = 5 ± 0.1% to ensure
the granular medium is in pendular state and liquid bridges are formed
[5,31,44]. Then, the wet grains are placed in a sieve, which was shaked
by a vibration machine (Impact SV008 Electromagnetic Sieve Shaker,
frequency 50 Hz and intensity 3.3 mm). A cylindrical container with
inner diameter 13.70 ± 0.01 mm and inner height 44.94 ± 0.12 mm
is placed hfall away under the sieve, being supported by struts that are
disconnected with the vibration machine. Once the vibration is initial-
ized, wet grains fall progressively from the sieve into the container, sim-
ilar to a sedimentation process. Fig. 4(a) shows the schematic of the
experiment setup. The same equipment has been used in a previous
work by Than et al. [44]. Note that in order to ensure a constant hfall dur-
ing the experiments, ideally, the supporting system shouldmove down-
wards such that the surface of the grains stays at the same level asmore
grains fall into the container. However, we did not aim to produce such
equipment due to extra complexity involved. Once the container is full,
the grains in excesswere carefully removed using a sharp plate, andme-
diumwas weighed before and after drying in an oven overnight at 105
∘C. The sieve grid size {0.2,1,1.5,3.15}mmwere used for glass beadswith
average diameters {97,375,568,1594} μm, respectively (Fig. 1(c)). These
sizes allowpassing formaximumof two to three spheres and avoid clus-
ters of grains (namely, aggregates or agglomerates, which leads to less
homogeneous packing structure) [40,43,45]. The cumulative grain size
distribution determined by laser diffraction technique (using Beckman
Coulter Vsm + Ls Variable Speed Fluid Module Plus) is shown in Fig. 1
(b). Note that the data for packing of 97 μm wet grains are obtained
from Than et al. [44]. For packing of dry grains, given relative large
Fig. 1. (a) Schematic of the system for packing ofwet spheres. (b) Cumulative grain size distribu
sizes.
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size of glass beads (generally larger than 100μm), the van der Waals
force is not expected to significantly affect the packing fraction
[26,29,46]. Therefore, the system is simply packed by the pouring
method. To ensure there is no formation of liquid bridges at lab condi-
tion due to capillary condensation, thewater contents at “dry” condition
weremeasured to be less than 0.03%, being smaller than 0.07%, atwhich
the liquid bridges start to form [31].

3. Results and discussion

Fig. 2 shows the packing fraction ρ of monodisperse glass beads
under dry or wet condition. For dry grains, the packing fraction is
close to random loose packing of 0.6, consistent with past observations
[33]. There is a slight decrease in ρ for smaller grains. Onemay argue this
could result from the boundary effects [36,47]. Nevertheless, in the
study of packing of cohesionless spheres in cylindrical containers
by Zou and Yu [47], both the side-wall effect and top-bottom-
wall effect (or thickness effect) lead to decrease in packing fraction
for smaller system domain (corresponding to larger grains with the
same container), which contradicts the trend in our results. Therefore,
the decrease in packing fraction for smaller grains, despite small mag-
nitude, is likely due to van der Waals force [20,26,33]. The packing
fraction for wet grains is generally smaller than dry condition, and
this decrease is more significant for smaller spheres. In addition, the
colorbar shows the effects of free fall height hfall on ρ, with denser
packing at greater hfall.

Previous studies have demonstrated increases in ρ with higher liq-
uid content at very low liquid content regime (typically less than
1 ~ 2 % depending on grain size distribution) [33,36,42,43]. However,
Fig. 3(a) shows the relationship between ρ and w for all grain sizes,
where no significant correlation between w and ρ can be seen. As
discussed before, this is because the medium is in pendular state, and
the capillary force due to liquid bridges is not sensitive to variations
in water content within this regime [5,33,39]. By rearranging the
dataset, Fig. 3(b) more quantitatively shows ρ as a function of hfall. It
can be observed that ρ increases monotonically with hfall, ranging
from around 0.3 to random loose packing of 0.6 marked by black-
dashed line. Although ρ increases with hfall for the investigated range
of hfall, it is expected the packing fraction will eventually reach a pla-
teau as hfall further increases due to either (1) the particle reaches the
terminal velocity due to air drag and the kinetic energy is saturated,
or (2) the packing fraction approaches 0.6 and the system starts to
jam. For D = 1594 μm grains, the packing fraction is about 0.6 at the
smallest hfall; whilst for larger hfall > 150 mm, bounces were observed
and the container could not be completely filled. However, even with
greater hfall it is expected that the packing fraction will not surpass
the value at dry condition as particles are already jammed.
tion. Values in bracket represent standarddeviation. (c) Photos of glass beadswith different



Fig. 2. Packing fraction ρ of dry (solid line with errorbar) or wet (circles) monodisperse
glass beads. The errorbar represents the standard deviation of 6 measurements. The
colorbar represents different free fall height hfall. Data from literature are added for
comparison (experiments using pouring method [33] and DEM simulation [40]). The
packing fraction normally observed at random close packing (RCP) and random loose
packing (RLP) are marked by dashed line and dash-dot line, respectively.
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To quantify the interplay between gravity and interparticle forces on
packing fraction, a model has previously been proposed for fine parti-
cles [20,24,29]:

ρ ¼ ρ0 1−ea⋅r
b

� �
, ð1Þ

where ρ0 is the packing fractionwithout thepresence of attractive inter-
particle forcewith values between random loose packing (0.6) and ran-
dom close packing (0.64), a and b are fitting parameters, and r is the
“force ratio” of the magnitudes of interparticle force to the gravity. As
explained by Yang et al. [20], the force ratio, r, provides a quantitative
description of the resistance force restricting the relativemovement be-
tween particles during formation of a packing. However, the “force ra-
tio” alone is not sufficient in capturing the process of particle
rearrangement due to the potential variations in impact velocities of
falling particles, which can lead to different numbers of breaks and for-
mations of new liquid bridge bonds within the granular network that
withstands the impact. This can be reflected by that fact that Eq. (1) will
produce a single value of ρ for any given grain size with different hfall.
Fig. 3. (a) The influence of volumetric water content w on packing fraction is not significant. (
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Therefore, in order to capture the energy state of the falling particle
upon impact, a more appropriate approach here is from an energy per-
spective where an “energy ratio” can be introduced:

rE ¼ F inter⋅l
Ek

, ð2Þ

where Finter is the interparticle force, l is the characteristic length,
representing the displacement during the process of particles rear-
rangement, and Ek is the kinetic energy upon impact, which can be ap-
proximated as the gravitational potential energy. Here, rE represents the
proportion of kinetic energy dissipated due to interparticle forces
(e.g., through enhanced frictional force from liquid bridges). Therefore,
rE approaches to unity when the interparticle cohesive forces are signif-
icant comparing to gravity. Previous studies have indicated that the ra-
tio of interparticle force to gravity needs to be much larger than one (in
the order of 10) in order for the interparticle force to have significant ef-
fect on packing fraction [20,29]. This can be explained by the fact that
there is no preferred direction in the interparticle force due to random
arrangement of grains, unlike gravity [20]. Forwet spheres, the capillary
force Fc due to liquid bridges can be calculated as Fc = 2πγR cos θ
[30,32,37], where γ is the surface tension, R is the radius, and θ is the
contact angle. Thus, for the force ratio Fc

Fg
¼ 3γ cos θ

2R2ρg
≈10 with the average

contact angle between glass beads andwater θ≈ 60∘ [48] and density of
2460 kg3/m, an approximate threshold grain size can be obtained as

D∗ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
6γ cos θ
10⋅ρg

q
≈ 950 μm. For grain sizes larger than D ∗, rE ≪ 1, and it is

expected that the packing fraction is close to random loose packing
0.6, insensitive to free fall height, which is confirmed by Fig. 3(b). For
grain sizes less thanD ∗, rE approaches to 1. Under this regime, a dimen-
sionless length scale can be introduced l ∗ = l/D, which reflects the rela-
tive displacement during the process of particle rearrangement. Then,
with Eq. (2), assuming rE = 1 for simplicity, one obtains:

l∗ ¼ Ek
F inter⋅D

: ð3Þ

Therefore, l ∗ can be regarded as the the degree of compaction due to
gravity, i.e., the extent of particle rearrangement towards a denser state
from the packing state of diffusion limited aggregation. Either smaller Ek
or greater Finter lead to decrease in l ∗, implying less compaction and thus
looser packing state. It is worthmentioning that, for the case ofwet par-
ticleswith negligible van derWaals forcewhere the interparticle force is
mainly from capillary force, l ∗ can be thought as a generalization of
b) Packing fraction ρ increases with larger height of free fall hfall for different grain sizes.



Fig. 4. Packing fraction ρ of wet spheres as a function of l ∗ for grains of different sizes and
hfall. Solid line is fromEq. (1)with r replaced by l ∗. Data from literature for dry powders are
added for comparison where the interparticle force is calculated by Eq. (4).
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Weber number l∗ ¼ ρDv2
12γ cos θ ¼ We

12 cos θ, which provides a measure of rela-

tive importance of inertia compared to surface tension. Fig. 4 plots the
packing fraction as a function of l ∗. Collapse of data can be observed
for different grain sizes and free fall heights. For grain size larger than
D ∗, as mentioned before the forces from liquid bridge will not be the
major source of energy dissipation, i.e., rE ≪ 1. Therefore, rE = 0.1 is
used as an estimation for D = 1594 μm. Also, the model from Eq. (1)
with l ∗ replacing r are plotted with solid line with fitted a = − 19.2,
b = 0.478 and ρ0 = 0.602.

We also check the validity of the model for describing dry grains
with diameter less than 100 μmwhere van derWaals force plays an im-
portant role. The attractive van der Waals force between two particles
can be calculated by [20,21,29]:

Fv ¼ A
6

64R3
i R

3
j sþ Ri þ Rj
� �

s2 þ 2Risþ 2Rjs
� �2 s2 þ 2Risþ 2Rjsþ 4RiRj

� �2 , ð4Þ

where Ri, Rj are radii of the two spheres, A is the Hamaker constant that
is related to material properties, being 6.5 × 10−20 J for glass beads, and
s is the separation distance with typical value of 1 × 10−10 m [1,21].
With monodisperse spheres and assuming the separation distance is
much less than the grain radius, Eq. (4) reduces to Fv = AR/(12s2). Data
from literature of packing of fine powders are shown as “+” signs in
Fig. 4. Sincewedid notfind the corresponding fallingheight for the data,
the hfall is fitted to be 5 mm. However, this value is likely to be smaller
than the typical hfall in laboratory conditions. One of the sources of the
error could be from the calculation in interparticle forces, especially
when the accurate estimation of the separation distance s can be diffi-
cult. This error will lead to a shift of data in the horizontal direction in
Fig. 4. Nevertheless, the general shape of the data from literature, which
is independent of hfall or s, matches well with the proposed theory.

In the current study of glass beads falling within air, the kinetic en-
ergy right before the impact is approximated by the gravitational poten-
tial energy. However, if the particles are settling within a surrounding
fluid with large viscosity [10,24,29], firstly, Ek cannot be estimated as
the initial gravitational potential energy due to significant viscous dissi-
pation during settlement process. Secondly, the extra viscous resistance
during the short period of particle rearrangement upon impact needs to
be considered, i.e., the numerator in the expression of rE (Eq. (2)) should
include extra terms to take into account the effect from the surrounding
fluids depending on the fluid property, through which the current the-
ory built on energy conservation can be further extended.
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4. Conclusions

The packing of wet monodisperse spheres was experimentally stud-
ied. Glass beads with different sizes were packed under controlled fall-
ing height. It is observed that both grain size and free fall height
significantly impact the packing fraction. A dimensionless length scale
is introduced, which reflects the extent of particle rearrangement to-
wards a denser state due to impacts from falling grains, extending the
existing model for describing the packing fraction of cohesive spheres,
where the effect of falling heights can be well captured. Based on the
proposed theory, collapses of data are observed for both wet particles
where capillary force dominates and dry powders where van der
Waals force is essential. Our study deepens the understanding of pack-
ing of cohesive spheres and provide a simple experimental method for
preparing granular media with desired packing fraction by using the
proposed universal law.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was financially supported by Australian Research Council
(Projects DP170102886) and The University of Sydney SOAR Fellow-
ship. YG acknowledges the financial support of Labex MMCD (ANR-
11-LABX-022-01) for his stay at Laboratoire Navier at ENPC. ZW thanks
Baptiste Chabot, Xavier Boulay, Loïc Lesueur, and Emmanuel De Laure
for the assistance on experiments.

References

[1] H. Zhu, Z. Zhou, R. Yang, A. Yu, Discrete particle simulation of particulate systems:
Theoretical developments, Chem. Eng. Sci. 62 (2007) 3378–3396Frontier of Chemi-
cal Engineering - Multi-scale Bridge between Reductionism and Holism.

[2] H. Zhu, Z. Zhou, R. Yang, A. Yu, Discrete particle simulation of particulate systems: a
review of major applications and findings, Chem. Eng. Sci. 63 (2008) 5728–5770.

[3] H. Chen, W. Liu, S. Li, Random loose packing of small particles with liquid cohesion,
AICHE J. 65 (2019) 500–511.

[4] S. Chen, W. Liu, S. Li, A fast adhesive discrete element method for random packings
of fine particles, Chem. Eng. Sci. 193 (2019) 336–345.

[5] M. Scheel, R. Seemann, M. Brinkmann, M. Di Michiel, A. Sheppard, B. Breidenbach, S.
Herminghaus, Morphological clues to wet granular pilestability, Nat. Mater. 7
(2008) 189–193.

[6] M. Scheel, R. Seemann, M. Brinkmann, M.D. Michiel, A. Sheppard, S. Herminghaus,
Liquid distribution and cohesion in wet granular assemblies beyond the capillary
bridge regime, J. Phys. Condens. Matter 20 (2008), 494236.

[7] G.Y. Onoda, E.G. Liniger, Random loose packings of uniform spheres and the dilat-
ancy onset, Phys. Rev. Lett. 64 (1990) 2727–2730.

[8] L. Liu, Z. Zhang, A. Yu, Dynamic simulation of the centripetal packing of mono-sized
spheres, Physica A 268 (1999) 433–453.

[9] X. Cheng, Experimental study of the jamming transition at zero temperature, Phys.
Rev. E 81 (2010), 031301.

[10] G.R. Farrell, K.M. Martini, N. Menon, Loose packings of frictional spheres, Soft Matter
6 (2010) 2925–2930.

[11] M.P. Ciamarra, A. Coniglio, Random very loose packings, Phys. Rev. Lett. 101 (2008),
128001.

[12] M. Jerkins, M. Schröter, H.L. Swinney, T.J. Senden, M. Saadatfar, T. Aste, Onset of me-
chanical stability in random packings of frictional spheres, Phys. Rev. Lett. 101
(2008), 018301.

[13] A.J. Liu, S.R. Nagel, The jamming transition and the marginally jammed solid, Ann.
Rev. Condens. Matter Physics 1 (2010) 347–369.

[14] C.S. O’Hern, S.A. Langer, A.J. Liu, S.R. Nagel, Random packings of frictionless particles,
Phys. Rev. Lett. 88 (2002)075507.

[15] C.S. O’Hern, L.E. Silbert, A.J. Liu, S.R. Nagel, Jamming at zero temperature and zero ap-
plied stress: the epitome of disorder, Phys. Rev. E 68 (2003), 011306.

[16] L.E. Silbert, Jamming of frictional spheres and random loose packing, Soft Matter 6
(2010) 2918–2924.

[17] A.D. Rosato, O. Dybenko, D.J. Horntrop, V. Ratnaswamy, L. Kondic, Microstructure
evolution in density relaxation by tapping, Phys. Rev. E 81 (2010), 061301.

http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0005
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0005
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0005
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0010
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0010
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0015
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0015
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0020
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0020
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0025
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0025
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0025
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0030
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0030
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0030
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0035
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0035
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0040
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0040
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0045
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0045
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0050
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0050
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0055
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0055
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0060
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0060
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0060
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0065
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0065
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0070
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0070
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0075
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0075
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0080
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0080
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0085
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0085


Z. Wang, J.-M. Pereira and Y. Gan Powder Technology 378 (2021) 60–64
[18] V. Ratnaswamy, A.D. Rosato, D. Blackmore, X. Tricoche, N. Ching, L. Zuo, Evolution of
solids fraction surfaces in tapping: simulation and dynamical systems analysis,
Granul. Matter 14 (2012) 163–168.

[19] W. Dai, J. Reimann, D. Hanaor, C. Ferrero, Y. Gan, Modes of wall induced granular
crystallisation in vibrational packing, Granul. Matter 21 (2019) 26.

[20] R.Y. Yang, R.P. Zou, A.B. Yu, Computer simulation of the packing of fine particles,
Phys. Rev. E 62 (2000) 3900–3908.

[21] A. Yu, C. Feng, R. Zou, R. Yang, On the relationship between porosity and interparti-
cle forces, Powder Technol. 130 (2003) 70–76.

[22] J. Blum, R. Schräpler, Structure and mechanical properties of high-porosity macro-
scopic agglomerates formed by random ballistic deposition, Phys. Rev. Lett. 93
(2004), 115503.

[23] D. Lohse, R. Rauhé, R. Bergmann, D.Meer, Creating a dry variety of quicksand, Nature
432 (2005) 689–690.

[24] K.J. Dong, R.Y. Yang, R.P. Zou, A.B. Yu, Role of interparticle forces in the formation of
random loose packing, Phys. Rev. Lett. 96 (2006), 145505.

[25] P.B. Umbanhowar, D.I. Goldman, Low density fragile states in cohesive powders, Am.
J. Phys. 74 (2006) 720–721.

[26] R. Yang, R. Zou, K. Dong, X. An, A. Yu, Simulation of the packing of cohesive particles,
Comput. Phys. Commun. 177 (2007) 206–209Proceedings of the Conference on
Computational Physics 2006.

[27] E. Parteli, J. Schmidt, C. Blümel, K.-E. Wirth,W. Peukert, T. Pöschel, Attractive particle
interaction forces and packing density of fine glass powders, Sci. Rep. 4 (2014) 6227.

[28] A.J. Forsyth, S.R. Hutton, C.F. Osborne, M.J. Rhodes, Effects of interparticle force on
the packing of spherical granular material, Phys. Rev. Lett. 87 (2001), 244301.

[29] K.J. Dong, R.Y. Yang, R.P. Zou, A.B. Yu, Settling of particles in liquids: effects of mate-
rial properties, AICHE J. 58 (2012) 1409–1421.

[30] Y.I. Rabinovich, M.S. Esayanur, B.M. Moudgil, Capillary forces between two spheres
with a fixed volume liquid bridge: theory and experiment, Langmuir 21 (2005)
10992–10997. 16285763.

[31] Z. Fournier, D. Geromichalos, S. Herminghaus, M.M. Kohonen, F. Mugele, M. Scheel,
M. Schulz, B. Schulz, C. Schier, R. Seemann, A. Skudelny, Mechanical properties of
wet granular materials, J. Phys. Condens. Matter 17 (2005) S477–S502.

[32] H.-J. Butt, M. Kappl, Normal capillary forces, Adv. Colloid Interf. Sci. 146 (2009)
48–60.
64
[33] C. Feng, A. Yu, Effect of liquid addition on the packing of mono-sized coarse spheres,
Powder Technol. 99 (1998) 22–28.

[34] R.-P. Zou, C.-L. Feng, A.-B. Yu, Packing density of binary mixtures of wet spheres, J.
Am. Ceram. Soc. 84 (2001) 504–508.

[35] R. Zou, J. Xu, C. Feng, A. Yu, S. Johnston, N. Standish, Packing of multi-sized mixtures
of wet coarse spheres, Powder Technol. 130 (2003) 77–83.

[36] J.-F. Bruchon, Investigation by Means of X-Ray Computed Tomography of Capillary
Collapse in Granular Materials, Theses, Université Paris-Est, 2014. https://pastel.ar-
chives-ouvertes.fr/tel-01124287.

[37] T.C. Halsey, A.J. Levine, How sandcastles fall, Phys. Rev. Lett. 80 (1998) 3141–3144.
[38] H.-J. Butt, Capillary forces: influence of roughness and heterogeneity, Langmuir 24

(2008) 4715–4721. 18442225.
[39] B. Mielniczuk, T. Hueckel, M.S.E. Youssoufi, Evaporation-induced evolution of the

capillary force between two grains, Granul. Matter 16 (2014) 815–828.
[40] R.Y. Yang, R.P. Zou, A.B. Yu, Numerical study of the packing of wet coarse uniform

spheres, AICHE J. 49 (2003) 1656–1666.
[41] N. Mitarai, F. Nori, Wet granular materials, Adv. Phys. 55 (2006) 1–45.
[42] C. Feng, A. Yu, Quantification of the relationship between porosity and interparticle

forces for the packing of wet uniform spheres, J. Colloid Interface Sci. 231 (2000)
136–142.

[43] J.Q. Xu, R.P. Zou, A.B. Yu, Packing structure of cohesive spheres, Phys. Rev. E 69
(2004), 032301.

[44] V.-D. Than, P. Aimedieu, J.-M. Pereira, J.-N. Roux, M. Bornert, A.-M. Tang, Macro-
microscopic one-dimensional compression ofwet granular soils by experimental in-
vestigation, E3S Web of Conferences 9 (2016) 06001.

[45] J.-F. Bruchon, J.-M. Pereira, M. Vandamme, N. Lenoir, P. Delage, M. Bornert, Full 3d
investigation and characterisation of capillary collapse of a loose unsaturated sand
using x-ray ct, Granul. Matter 15 (2013) 783–800.

[46] A. Yu, J. Bridgwater, A. Burbidge, On the modelling of the packing of fine particles,
Powder Technol. 92 (1997) 185–194.

[47] R. Zou, A. Yu, The packing of spheres in a cylindrical container: the thickness effect,
Chem. Eng. Sci. 50 (1995) 1504–1507.

[48] K.A. Klise, D. Moriarty, H. Yoon, Z. Karpyn, Automated contact angle estimation for
three-dimensional x-ray microtomography data, Adv. Water Resour. 95 (2016)
152–160Pore scale modeling and experiments.

http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0090
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0090
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0090
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0095
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0095
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0100
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0100
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0105
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0105
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0110
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0110
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0110
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0115
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0115
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0120
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0120
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0125
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0125
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0130
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0130
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0130
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0135
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0135
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0140
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0140
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0145
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0145
pmid:16285763
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0155
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0155
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0155
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0160
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0160
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0165
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0165
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0170
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0170
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0175
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0175
https://pastel.archives-ouvertes.fr/tel-01124287
https://pastel.archives-ouvertes.fr/tel-01124287
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0185
pmid:18442225
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0195
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0195
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0200
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0200
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0205
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0210
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0210
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0210
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0215
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0215
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0220
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0220
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0220
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0225
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0225
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0225
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0230
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0230
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0235
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0235
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0240
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0240
http://refhub.elsevier.com/S0032-5910(20)30938-4/rf0240

	Packing of wet monodisperse spheres
	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References




